Abstract-Until a few years ago, a set of equations commonly referred to as the Summers relations gave the most accurate description of the critical current in Nb 3 Sn conductors as a function of applied field, temperature and axial strain. Although highly empirical, they describe reasonably well the critical current data of past Nb 3 Sn conductors. New data from various types of Nb 3 Sn conductors, as well as recent analysis of the ITER CS model coil results reveal however, that this description lacks the precision, required to correlate the conductor data to the model coil results. This discrepancy, attributed to the highly empirical background for the relations, manifests itself mainly in the strain-and temperature dependence. The development of an alternative, more accurate description of the behavior of the critical current, starting from a more fundamental description of the strain dependence, has been initiated. At the moment, the development concentrates around the improvement of the temperature dependency relations to achieve a better accuracy of the overall descriptions, especially in the high temperature region. This contribution gives an overview of the latest results.
I. INTRODUCTION
A N IMPROVED overall scaling equation, which included a three-dimensional deformation description, as well as a small improvement in the temperature accuracy in the form of two deviating constants, has been proposed recently [1] - [4] . This publication concentrates on the accuracy analysis of this new description and the steps that have to be made to further improve the temperature dependent part. The equations themselves have been extensively published in the references above and will not be repeated here.
II. ANALYSIS OF FULL SIZE ITER COIL RESULTS
The recent results on full size model coils raises the question to what extend these systems reach their design goals. The question whether such a magnet performs within expectations is only useful when an accurate correlation can be made between the measured coil performance and the specifications of the components with which it was constructed (e.g., cables, sub-cables, or in a deeper decomposition into strands).
The performance of the model-coil systems is currently verified via critical temperature ( ) values, derived from voltagetemperature transitions at a fixed current ( ), and from critical Publisher Item Identifier S 1051-8223(02)03881-2.
current ( ) or quench current ( ) measurements at a fixed temperature ( ). A third verification parameter is the estimate of the conductor deformation state, which is derived from numerical mechanical models. From the conductor side, a huge conductor database is available, mainly from the worldwide conductor specification measurements with contributions from various laboratories and institutes. These data consist of -values versus , magnetic induction ( ) and axial conductor deformation.
Recently a first serious attempt was made to relate the experimental coil data to the conductor data base by applying a set of scaling relations, commonly referred to as the "Summers" relations [5] . For single sample measurement descriptions, these relations appear to be sufficiently accurate. Analysis of the model coil results have shown however, that for description of the large amount of conductor data with one single set of fixed parameters per conductor type, as well as the coupling to the model coil results, lack accuracy. Although part of the discrepancy arises from clear inconsistency in the conductor database itself, the descriptions also exhibit inherent inaccuracy, due to the one-dimensional character of the deformation description and to the imperfect temperature dependency relations, especially in the region close to .
III. CHARACTERIZATION OF STRANDS
Approximately 50 samples, from 6 manufacturers were analyzed at the University of Twente in the frame of a world-wide strand characterization sequence. The samples were measured for as function of , and axial strain ( ) on two different holders, described in [3] and [6] . -values were measured in the range 1 T 13 T, 4.23 18 K and 0.7% 0.4%, which resulted in -values ranging from 0 A to 1000 A. Typical results for and are shown in Fig. 1 . Samples produced by Furukawa are selected as an example in this publication, but other conductor types show similar behavior. The results of the measurements were carefully analyzed and related to the improved scaling relations. A clear separation between material-and conductor dependent scaling parameters can be made [1] - [3] and it is possible to describe the behavior of all samples from each manufacturer, measured in two different experimental setups, with one single set of parameters.
The only parameter that is allowed to vary, and only per conductor type and experimental setup, is the pinning related overall pre-factor ( ), which is also proportional to the superconducting cross-section. Variation of is only allowed when exactly identical samples in the same setup exhibit clearly a variation in measured -values. The overall accuracy across The arrows in the lower plot indicate the order of measurement, i.e., at each strain value, a field and temperature sweep is made, before the strain is adjusted to the following strain. B indicates the maximum of the applied field plus self-field at any place in the conductor, between the voltage connections.
the entire and deformation range has a standard deviation of 10 A, and a maximum local error of 40-70 A (Table I) .
A. The Influence of a Parallel Resistive Current
The current flowing parallel to the superconducting filaments, through the normal conducting matrix and/or sample holder, should be accurately taken into account. A certain voltage across the sample will result in some current flowing in the normal conducting materials, and its influence, which is often underestimated, should be carefully taken into account. At high -criterions (e.g., 100 and 500 V/m), where this parallel resistive current can be of the order of amperes and thus certainly no longer negligible. These parallel resistive currents are determined by measurement of the resistance versus field, just above . This result is subtracted from the uncorrected measured overall " ," resulting in theof the superconductor ( -). 
B. The Influence of Self-Field Corrections
Apart from proper corrections for the parallel resistive current, also the self-field has to be taken into account. A dramatic improvement in accuracy occurs if only data equal to or above 5 T are considered in the overall scaling (see Table I ). At first impression this can be attributed to nonvalidity of the "Kramer"-pinning relations in the low field range [7] and [8] , but since deviations between model and measurement occur mainly at high currents (see Fig. 2 ), it is probably due to incorrect (i.e., too low) self-field calculations in the sample. This has been confirmed by comparison of low field magnetization measurements and Kramer extrapolations to low field from high field measurements [9] . This implies that the Kramer pinning relations are valid down to about 1 T, which is in contrast to earlier publications [7] and [8] . In a recent publication [10] , a new model is proposed for the description of , which also results in a Kramer field dependence, valid down to a low field value (depending on the choice of fitting parameters) of approximately 2 T. Comparison of this description with magnetization measurements, also confirmed a validity range for the Kramer relation down to approximately 1.5 T.
C. The Influence of Various Voltage Criterions
Another important conclusion from Table I is that it is possible to describe at different voltage criteria by changing only the overall pinning related pre-constant in the scaling relations, provided the -curves behave according to a power law with a constant -value. All measured samples can be described with such a relation, provided that proper corrections are made for common measuring errors (see below). The fact that the -value is a strong function of and has no significant effect.
D. The Influence of Non-Zero Measuring Currents
Another error source originates from the fact that the critical parameters in the scaling relations are defined at zero current through the superconductor. During measurements there is however always a current to create a measurable signal. Its influence will be discussed in the next section.
IV. THE TEMPERATURE DEPENDENCY
The accuracy of the temperature dependent part of the descriptions is determined by the accuracy of the critical line and the way this is implemented in the overall scaling relation. Typical curves are shown in Fig. 3 The points in Fig. 3 are determined in three different ways; "Kramer"-extrapolation to from a deformation experiment, "Kramer"-extrapolation to from a long sample (ITER "barrel") setup (see Fig. 2 ) and directly measured by a resistive -measurement on a barrel at a current of 0.5 A through the sample. The lines are calculated from the overall description after data-fits to all measured critical current values. Three different descriptions are presented for (in which represents the reduced temperature ): • : Follows from thermodynamic considerations.
• : The adjusted thermodynamic form as proposed by Summers et al. [1] which causes effectively a more linear behavior at higher temperatures.
• : A simplified alternative for the Summers form, adopted by the ITER community. It is clear that the thermodynamic form does not correspond to the data. The third form has the disadvantage that it shows a nonzero derivative at K, which is physically incorrect. Although fully empirical, the Summers form is reasonably accurate and the best alternative so far to be used in the overall scaling relations. The deviations in the points from the strain device measurements are attributed to the following possible sources of errors. The strain device as well as the barrel are constructed from Ti-6Al-4V, but have a different shape and mounting procedure, which could lead to a slightly different strain and thus a small shift in the extrapolated points. The calculated lines follow from data-fits over all measured -values. Much more data are extracted from the barrel in comparison to the strain device and hence the model lines will be closer to the barrel points. The largest and most consistent data set is available from the measurements on the barrel. These data, (the extrapolated values and measured s) lie systematically below the calculated line. As mentioned before, the model line is defined at zero measuring current. If the line is adjusted to 0.5 A measuring current, as is presented in Fig. 4 , it turns out that the shift that occurs for high temperatures exactly cancels the deviation which is present for the zero current calculation.
To verify the description for the complete temperature range, a high field resistive measurement at a known measuring current would be preferable, since for the extrapolated values from measurements it is very hard, if not impossible, to get an indication of the influence of the nonzero measuring current. Moreover it can be seen that even changing the -criterion (which effectively changes the measuring current) has negligible influence on the extrapolated points. Considering the shape of the calculated lines with respect to the data points, it is clear that the best temperature dependency description (Summers) still lacks precision. Table II is a calculated estimate of the large errors that can be made in the determination of the critical parameters to be used in the scaling relations, if they result from experiments with nonzero measuring currents. 
V. VARIATION OF THE TEMPERATURE DEPENDENCY WITH STRAIN
The ratio between the amount of variation of and with strain is represented in the scaling relations by a power of 3 [11] , [12] , i.e., the relative change in is a factor of 3 larger than the relative change in .
From the measurements on the strain device, extrapolated points at various strain values can easily be deduced. Fig. 5 shows some of these points, together with the model dependencies. There is a large amount of noise in the extrapolated points, due to the limited amount of data to extrapolate from, and due to the fact that the regulated temperatures are not always exactly the same, which is caused by the order of the measurements (see Fig. 1 ). But apart from the noise, Fig. 5 is a strong indication that over the complete range, the description is correct.
VI. CONCLUSIONS
• If only fields 5 T are considered in the model, the accuracy is extremely high. The inaccuracies typically amount to a standard deviation of 3 A with a maximum local error of 10 A. Lower field accuracy can probably be increased by improving the self-field corrections.
• It is possible to describe various -criteria, by variation of only the overall pre-constant, provided that measurements are properly corrected, and the transitions strictly follow a power law.
• The temperature dependency description exhibits a small deviation but has no fundamental background. Ideal would be a more fundamentally based description, leading to an improvement in accuracy.
• Very large errors in the determination of the critical parameters will occur when the influence of both the measuring current and parallel resistive current magnitudes, are not properly taken into account.
